The efficient promoter of alcohol oxidase 1 (P AOX1 ) in methylotrophic yeast Pichia pastoris is strictly induced by methanol but repressed by glycerol with an unclear molecular mechanism. In the present study, the gene of a previously characterized transmembrane protein glycerol transporter 1 (GT1) of P. pastoris GS115 was deleted by homologous recombination. Transcriptional profiles of the mutant (gt1 ) and wild type (WT) were compared with different carbon sources (glycerol, methanol and glycerol-methanol mix) at various time points using high-throughput RNA-Seq techniques. We determined that the loss of glycerol transporter 1 (Gt1p) could relieve catabolite repression in the glycerol-methanol mixed medium and shared a similar transcriptional profile with the WT in methanol medium. By calculating the common differentially expressed genes in three distinct paired groups, genes involved in the stress response, nutrition deprivation and translational process were identified, explaining the potential roles of glycerol in the regulation of methanol metabolism. Based on weighted gene co-expression network analysis, the relationship between biological traits and the transcriptional profile was established. With the support of published research and our data, we propose two possible regulatory pathways that are involved in the regulation of catabolite repression (adenosine 5 -monophosphate (AMP)-activated protein kinase /SNF1 and Mitogen-activated protein kinase/HOG), thereby providing potential targets for both research and industrial strain improvement.
INTRODUCTION
Pichia pastoris (or Komagataella phaffii) is a non-conventional yeast that has been extensively used in the production of a variety of heterologous recombinant proteins for over 40 years (Ahmad et al. 2014) . Because of its rapid growth rate, clear genetic background, post-translational modification system and non-pathogenic traits, the P. pastoris expression system has been regarded as an ideal platform for large-scale production (Cereghino and Cregg 2000; Cregg et al. 2000) . Similar to other higher eukaryotes, P. pastoris possesses a post-translational modification system (i.e. glycosylation), in which heterologous proteins could be correctly folded and assembled into natural forms (MacauleyPatrick et al. 2005) . It is also an important model organism for studying glycosylation, peroxisomal proliferation and methanol metabolism (De Schutter et al. 2009) .
Pichia pastoris has the unique feature of harboring a set of peroxisomal methanol assimilation enzymes that utilize methanol as the sole carbon source, for energy and as an inducer during fermentation (Heyland et al. 2010) . Aox1p, as the first, and also rate-limiting, enzyme of the methanol utilization (MUT) pathway, could reach approximately 30% of the total soluble protein in the cell using methanol as the sole carbon source (Couderc and Baratti 1980) . Driven by the highly efficient and tightly regulated P AOX1 , gram-per-liter or even higher scale production can be achieved for monoclonal antibodies, industrial enzymes and biopharmaceutical products (Potgieter et al. 2009; Porro et al. 2011 ). However, due to catabolic repression effects, the methanol-inducible promoter P AOX1 is usually strongly repressed by other carbon sources, such as glucose, glycerol, ethanol and sorbitol (Capone et al. 2015) . To integrate high-density culture and the strong induction provided by P AOX1 , the tri-stage cultural strategy of P. pastoris is frequently used, in which the biomass is accumulated as one batch (first stage), and then subjected to the fed-batch (second stage) culture in glycerol medium; the third stage consists of the subsequent addition of methanol to initiate the expression of the recombinant protein (Zhang, Inan and Meagher 2000) . Although it could achieve relatively decent yield, this kind of culture strategy is quite time-consuming, laborious and requires manipulation. Moreover, the massive use of toxic and inflammable methanol is not only of high-security risk, but also increases the demand for oxygen and heat removal during oxidation (Lin et al. 2000; Zhang et al. 2010) . Additionally, toxic byproducts generated by methanol metabolism could pose a threat to the robustness of cells, even leading to cell death and lysis (De Schutter et al. 2009) .
Despite the successful application of this system in production, the mechanism of catabolite repression on P AOX1 remains unclear. Several cis-acting regulatory elements in methanolregulated genes and trans-acting transcriptional factors (e.g. Mxr1p, Mit1p, Trm1p and C4qzn3) have been identified and characterized (Vogl and Glieder 2013; Sahu, Krishna Rao and Rangarajan 2014; Wang et al. 2016a) . The release of the initial genome sequence of P. pastoris in 2009 (De Schutter et al. 2009 ) has facilitated investigations of various biological processes. The combined application of genomics, transcriptomics and proteomics has elucidated previously unknown cellular pathways and improved our understanding of its cell biology (Russmayer et al. 2015) . Furthermore, these comprehensive analyses have facilitated rational, organism-wide strain engineering that has increased its utilization as a host for protein production (Love et al. 2016) . Pichia pastoris regulates its gene-specific response to different carbon sources mainly at the transcriptional level (Prielhofer et al. 2015) . Alterations in the expression of individual genes in response to a specific carbon source may thus reflect the regulatory network of signal transduction pathways.
In our previous studies, a homolog of Stl1p (sugar-transporter like protein 1) in Saccharomyces cerevisiae was characterized in P. pastoris and renamed Gt1p (glycerol transporter 1), which functions as an active transmembrane transporter that delivers extracellular glycerol into cells (Zhan et al. 2016) . Further knockout experiments proved that a deficiency in GT1 relieves the repression of glycerol on P AOX1 . Moreover, the transcriptional factor methanol expression regulator 1 (Mxr1p) regulates the expression of GT1 by binding to the promoter of GT1, whereas the overexpression of GT1 represses the expression of MXR1 and AOX1, which in turn influences methanol metabolism (Zhan et al. 2017) . It seems that Gt1p, similar to other glucose transporters (e.g. Hxt1p), plays a crucial role in catabolite repression and elicits a wide range of responses to different carbon sources. To better understand the role of glycerol transporters in the repression on P AOX1 and further investigate the details of the repression mechanism at the transcriptional level, we compared the transcriptomes of the mutant strain (gt1 ) and wild type (WT) using different carbon sources (i.e. glycerol, methanol and a glycerolmethanol mix). High-throughput RNA-Seq can provide in-depth insights into the transcriptional responses of cells to different environments and establish the associated regulatory network.
MATERIALS AND METHODS

Strains and cultivation
The histidine auxotrophic P. pastoris GS115 (K. phaffii GS115) was purchased from Invitrogen (Carlsbad, CA, USA). Pichia pastoris was cultured with shaking at 30
• C in 1% yeast extract, 2% peptone and 2% glucose (YPD), 0.25% glycerol BMGY medium (1 L: 10 g/L yeast extract, 20 g/L peptone, 3 g/L K 2 HPO 4 , 11.8 g/L KH 2 PO 4 , 13.4 g/L YNB, 4 × 10 −4 g/L biotin and 2.5 mL of glycerol), 1%
methanol BMMY medium (1 L: 10 g/L yeast extract, 20 g/L peptone, 3 g/L K 2 HPO 4 , 11.8 g/L KH 2 PO 4 , 13.4 g/L YNB, 4 × 10 −4 g/L biotin and 10 mL of methanol), and BMMGY (BMGY supplemented with methanol) with 0.25% glycerol plus 1% methanol. The Escherichia coli strain DH5α, Trans110 (TransGen, Beijing, China) was used as host for saving the knockout plasmid that was previously constructed and was grown in LB medium (0.5% yeast extract, 1% tryptone and 1% NaCl) at 37 • C. For the solid medium, 2% powdered agar was added. Electroporation was performed to transform P. pastoris. Ampicillin or kanamycin was added to the LB medium at a final concentration of 50 μg/mL; G418 and zeocin were added to the YPD medium at final concentrations of 0.3 mg/mL and 0.1 mg/mL, respectively. Other essential molecular operations followed standard protocol as previously described (Zhan et al. 2016) .
Plasmid and strain construction
The procedure for the construction of glycerol transporter one knockout plasmid was as previously described (Zhan et al. 2016) . After PCR amplification of the knockout plasmid using primers gt1s-1 (5 -GCGAATTCCCGACAGAAGCAACCTCAGATCAACC-3 ) and gt1x-2 (5 -GCTAAGCTTCTTGCATTCGCTCAGGGCTCATTAC-3 ), the deletion fragment was purified and transformed by electroporation into WT P. pastoris strain GS115. G418-resistant transformants were isolated on YPD medium supplemented with 0.3 mg/mL G418. PCR and Sanger sequencing were performed to determine whether the deletion cassette was correctly integrated into the genome (data not shown). 
Cell extract preparation, SDS-PAGE, enzyme assays and western blotting
To determine the activity and the volume of the enzyme alcohol oxidase (AOX), total cellular protein was prepared from each of the biological triplicates (a total of 12 samples were tested). One-milliliter samples were harvested individually at 24 h and 48 h. After measuring the biomass using a UV spectrophotometer, each sample was diluted to an OD 600 = 3.0 to a final volume of 1 mL. The diluted culture was centrifuged at a speed of 2000g for 5 min before discarding the supernatant. Then, 200 μL of icecold yeast lysis buffer (0.7882% Tris-HCl, 0.0585% EDTA and 2 μL of 100 mM PMSF) was added with glass beads. The Eppendorf tubes were then placed in an oscillator for 30 s (10 cycles with the tube on ice between intervals). The cells were centrifuged at 13 000g for 1 min, and the supernatant was prepared for SDS-PAGE, enzyme assays and western blotting. AOX activity was assayed using peroxidase and OPD (oPhenylenediamine) as previously described (Verduyn, van Dijken and Scheffers 1984) . One unit of AOX represented 1 μmol of product/min/mg of protein at 30
• C. Samples without methanol were run as blanks.
To detect AOX, western blotting was conducted. Transferred to a polyvinylidene difluoride membrane by an electrophoretic method, the band of Aox1p was detected using an anti-AOX (Acris) antibody, and detected using peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG, Thermo Fisher, Waltham, MA, USA).
Measurement of residual methanol and glycerol in cultures
Residual methanol and glycerol in the supernatant were measured using GC-MS (Thermo Fisher) and HPLC (SHIMADZU, Japan) separately. To detect residual glycerol, a standard curve was determined (data not shown). The mobile phase was perchloric acid (HClO 4 , pH 2.45) with an organic acid column at 60
• C, and signals were detected using a refractive index detector. To detect residual methanol, 500 μL of the supernatant of the culture was diluted to 4 mL with the addition of 1 g NaCl. GC-MS analysis was performed by the experimental platform of Jiangnan University (Wuxi, China) with a preset method.
Transcriptome analysis by RNA-Seq
The cells were harvested at various time points (Table 1) , flash frozen in liquid nitrogen and stored in a −80
• C ultra-low temperature freezer. Then, cell lysis and transcriptome sequencing were performed by BGI Technology (Shenzhen, China) according to a standard procedure. All RNA samples extracted from the cell samples were integral and suitable for library construction.
The extracted mRNA was dissolved in a fragmentation buffer and then sheared. cDNA was then synthesized using the mRNA fragments as templates. Short fragments were purified and resolved with EB buffer for end-preparation and single nucleotide A (adenine) addition. After that, the short fragments were connected to adapters. Suitable fragments were selected for PCR amplification. During the QC steps, Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used for quantification and qualification of the sample library. Then, the library was sequenced on an Illumina HiSeq platform. The sequencing reads containing low-quality, adaptor-polluted and high content of unknown base (N) were removed prior to downstream analyses. The read quality metrics after filtering are presented in Supplementary File S1. The clean reads were exported in FASTQ format and aligned to the reference sequences (K. phaffii GS115 GenBank Acc. No. PRJNA304976) by HISAT (Kim, Langmead and Salzberg 2015; Love et al. 2016) .
To assess transcript abundance, the clean reads were mapped to a reference using Bowtie2 and were calculated with RSEM. Fragments per kb of exon per million fragments mapped (FPKM) was used in gene expression level calculations. Then, Pearson correlation and hierarchical clustering were calculated using 'cor' and 'hclust' separately, both of which are functions of R. Principal component analysis (PCA) analysis of all samples was conducted using 'princomp' (a function of R). DEseq2 detected the differentially expressed genes (DEGs) with parameters of fold-change ≥ 0.00 and adjusted P-value ≤ 0.05.
Software
The heatmaps in this research were constructed using an R package 'ComplexHeatmap' (Gu, Eils and Schlesner 2016) . Weighted gene co-expression network analysis (WGCNA) was performed using another R package 'WGCNA' (Langfelder and Horvath 2008) with default settings. The R program (version 3.4.0) was used in this research. A Venn diagram was produced using an online tool 'Calculate and draw custom Venn diagrams', which was generated by VIB/Ghent University (http://bioinformatics.psb.ugent.be/webtools/Venn/). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed by BGI Technology (Shenzhen, China).
RESULTS
To investigate the impact of glycerol on the methanol metabolism, we constructed the GT1-deficiency strain (gt1 ) using the widely used histidine auxotrophic GS115 (K. phaffii GS115). The mutant (gt1 ) was constructed by homologous recombination with a vector containing the KanMX cassette. Then, the knockout strain was checked by PCR and Sanger sequencing (data not shown). In our previous studies, the K. phaffii X-33 gt1 mutant showed high Aox1p activity in the glycerol-methanol medium without the loss of biomass, whereas the P AOX1 of the WT was still repressed to some degree in the mixing medium even when the initial concentration of glycerol was relatively low [0.25%(v/v) ]. The phase of derepression in the industrial fed-batch pipeline was assessed as glycerol was gradually exhausted with the elevated activity of methanol metabolism. Hence, we propose a project in Table 1 with two strains (WT, MUT), three media (glycerol, methanol and glycerol-methanol), and two time points (24 h and 48 h). To avoid the over-repression effect of glycerol on WT at the 48 h time point, the initial concentration of glycerol was set to 0.25% (v/v), which could repress P AOX1 at 24 h and de-repress at 48 h as glycerol was depleted.
Summary of RNA-Seq data
The flask cultures of both mutant (gt1 ) and WT were harvested in different media (glycerol, methanol and glycerol-methanol mix) at 24 h and 48 h separately after which the RNA of each sample was prepared according to the standard procedure and the integrity of RNA was tested prior to sequencing.
In the present study, 12 samples (each sample has three biological replicates) were sequenced, and on average 4.37 GB bases were generated from each sample. Most of the samples had values of Q20 > 98% and Q30 > 94%, which qualified for downstream analysis. On average, 76.41% reads were mapped, and the uniformity of the mapping results for each sample suggests that the samples were highly comparable. The mapping details are shown in Supplementary File S2. After genome mapping, the transcripts were reconstructed using StringTie (Pertea et al. 2015) , and with genome annotation information, 546 novel transcripts were identified (95 of these are long non-coding RNAs) in samples using cuffcompare (Trapnell et al. 2012) .
After novel transcript detection, the novel coding transcripts were merged with reference transcripts to obtain the complete reference, and then the clean reads were mapped to the reference using Bowtie2 (Langmead and Salzberg 2012) , and gene expression levels of the sample were calculated with RSEM (Li and Dewey 2011) . The gene expression summary is shown in Supplementary File S3. Then, we calculated the Pearson correlation coefficients and conducted hierarchical clustering of all samples (Supplementary Files S4 and S5), which indicate the close relationship between the biological triplicates and relevance among diverse samples.
PCA indicated the connections among samples (Supplementary File S6). Both WT and mutant strains showed significantly distinct expression patterns in the glycerol and methanol medium. In the glycerol-methanol mixed medium, the mutant (MUT-GM-24) shared a similar trend with the WT in the methanol medium (WT-M-24, WT-M-48), whereas the WT in the mixing medium (WT-GM-24) exhibited a unique expression pattern, indicating its transitional transcriptional profiles from glycerol to methanol. These results illustrate that the mutant could get rid of the effects of catabolite repression in the glycerol-methanol mix medium, as the WT was still repressed by the glycerol even the methanol exist (WT-GM-24), which was confirmed in the subsequent experiments and analysis. Meanwhile, it appeared that MUT-GM-48, MUT-M-48 and WT-GM-48 were closely related, which may be attributable to the limited amount of nutrients with methanol as the predominant carbon source. Interestingly, two groups (MUT-G-48 and WT-G-48) distantly related to the other groups, indicating that these have unique expression profiles.
Identification of highly expressed genes
Based on the expression data of the samples (Supplementary File S7), we characterized several highly expressed genes that could be approximately utilized as potential targets of the inducible or constitutive promoters. Understanding these upregulated genes could guide host engineering for improved heterologous protein production, including identification of promoter elements involved in carbon utilization or metabolic pathways that require enhancement (Love et al. 2016) . Because the expression level of AOX1 of the WT in methanol (24 h) was about 10 000, Figure 1 . Highly transcribed genes in different mediums. Methanol-related highly expressed genes were strictly repressed by glycerol (log2FPKM ≤ 10) and strongly induced by methanol. A previously characterized constitutive promoter PGCW14 was also identified, adapting its abundance of transcripts according to the richness of carbon source. The average value of FPKM in each sample was calculated to simplify the data processing.
we set the threshold at 8000 and screened all genes in all samples. Individual genes with an FPKM > 8000 were designated as highly expressed genes. The expression profile of these 21 highly transcribed genes depicted in a heatmap ( Fig. 1 ) using 'ComplexHeatmap' (an R package).
Some of these 21 genes (Table 2 ) have been developed into commercial promoters such as AOX1, FLD1 and GAP. The DAS1, DAS2, FLD1 and FDH1 genes, which are related to the MUT pathway, were upregulated as the carbon source shifted from glycerol to methanol for both WT and Mutant, which in turn could be regulated by catabolite repression and explored as further tightly controlled inducible promoters. With the rising level of methanol in the medium, regardless of whether WT or Mutant, some genes (CTA1 and PMP20) that are involved in peroxisome proliferation and degradation of peroxide were also highly transcribed, indicating an increase in the activity of peroxisomes as the by-product peroxide is generated regardless of whether the methanol was assimilated or dissimilated.
Apart from the extensively used P GAP , we identified some constitutive genes that have even higher levels of expression than inducible P AOX1 in methanol. GCW14 (PAS chr1-4 0586), which was first characterized in 2013 as the substitute for the constitutive P GAP or P TEF1 Zhang et al. 2013) , sustained a high level of expression regardless of whether in glycerol or methanol for both WT and Mutant. Annotated as a membrane-associated potential glycosylphosphatidylinositol (GPI)-anchored protein (termed Gcw14p), the transcription of this gene apparently fluctuates with the abundance of the carbon source in the culture. Furthermore, some genes previously mentioned were only highly transcribed after 48 h of culture (both glycerol and methanol) such as PCK1 and HSP12. These genes may reflect the cellular transcriptional response to energy homeostasis and hunger, as PCK1 encodes phosphoenolpyruvate carboxykinase, which transfers oxaloacetate to phosphoenolpyruvate (Proft and Grzesitza 1995) , and HSP12 encodes a plasma membrane-localized protein that protects the membrane from desiccation (Stanley et al. 2010) . Together, these highly transcribed genes reflect intracellular activities towards the diverse outer environment. While some of them had the potential of serving as additional promoters, this particular rational design and delicate optimization are essential to avoid the adverse impacts or extra burden that influence normal physiological conditions in cells. Although some constitutive promoters showed higher activity than some inducible promoters, researchers should still be cautious as the initiation and termination of the expression of certain heterologous protein could not be controlled as easily as the inducible promoters. Based on this particular feature, the expression of some toxic proteins was not suitable for this constitutive promoter (Zhang et al. 2010) . Moreover, conventional promoter studies were based on the isolation of promoters by classical genetic and molecular biology methods, which require searching for homologs in other yeasts and PCR amplification to determine flanking regions (Vogl and Glieder 2013) . Post promoter studies are likely to provide more accurate evidence for promoter research.
The transcriptional impact of GT1 on glycerol metabolism
To investigate the effect of Gt1p deficiency on P. pastoris at different situations, we compared the DEGs among various samples. To scale down the research scope, DEGs were defined as those genes whose expression between two samples changed by more than 4-fold [fold change (FC), log 2 FC ≥ 2, P-value < 0.05].
As an active transporter of glycerol, the loss of Gt1p might have induced considerable transcriptional responses to adapt the external environment, particularly in the glycerol-containing medium. After the DEGs had been screened (Supplementary File S8), the shared areas of following pairs were calculated: Group 1 (24-G-WT vs. 24-G-MUT), Group 2 (24-M-WT vs. 24-M-MUT) and Group 3 (24-G + M-WT vs. 24-G + M-MUT). The Venn diagram is shown in Fig. 2 . Group 1 contained DEGs induced by GT1 deficiency in pure glycerol medium only, and Group 3 contained DEGs caused by GT1 in both glycerol and methanol, whereas the DEGs in Group 2 indicated the impact of GT1 to cells in methanol medium. Thirteen genes that were shared by Groups 1 and 3 but not in Group 2 were selected to investigate the impact of Gt1p on glycerol metabolism as glycerol rather than methanol uniquely influenced these genes. Among these 13 DEGs (Table 3) , two were involved in the urea cycle (ARG1 and CPA1) and were highly expressed in mutants instead of the WT regardless of whether in glycerol or methanol medium. ARG1 encodes argininosuccinate synthase that (Ricci, Genereaux and Brandl 2002) . CPA1 encodes a small subunit of carbamoyl phosphate synthetase that catalyzes the hydrolysis of glutamine to ammonia, which in turn is used by the large chain to synthesize carbamoyl phosphate (Werner, Feller and PiÉRard 1985) . As a cellular response to hunger, proteins (or amino acids) were degraded in the urea cycle, transferring NH 3 to lower toxic urea, with the generation of two ADPs and an AMP. Without the Gt1p, the mutants could not effectively assimilate glycerol, thus threatening the survival of cells. To maintain the relative well-being of cells, P. pastoris apparently consumed its own cellular components in a state of hunger to produce energy as well as remove the toxicants. Furthermore, as a consequence of the urea cycle, AMP was accumulated as citrulline and aspartate were transferred to argininosuccinate. In S. cerevisiae, the shifting AMP/ADP/ATP level could be sensed by Snf4p, the regulatory γ -subunit of the SNF1 complex, thereby inducing the Adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK)/SNF1 pathway (Shashkova, Welkenhuysen and Hohmann 2015) . Whether there is a similar mechanism in P. pastoris is still unknown, whereas the increase in the activity of the urea cycle during hunger may be associated with the AMPK pathway, which regulates intracellular energy homeostasis. However, further investigation of the transcriptional profile of the SNF1 complex (Snf1p, Snf4p, Gal83p, Sip1p and Sip2p) indicated that there was no noticeable variation among most of the samples (data not shown). Here, we propose that the increase in the AMP/ADP/ATP ratio might not directly raise the transcriptional activity of genes that are related to SNF1 complex, and the regulation of AMPK/SNF1 is apparently accomplished at the protein level by modifying some factors to adjust the expression of downstream genes. It appeared that the activity of the urea cycle in mutants increased, which could support more nutrition. The transcript of a putative pyridoxine 4-dehydrogenase (GenBank Acc. No. AOA69980.1) was extremely abundant in mutants in glycerol medium only. This enzyme is involved in the generation of the co-enzyme pyridoxal-5-phosphate (PLP, vitamin B6). The increased expression of this gene is indicative of the demand for vitamin B6, which is a key factor of enzymes involved in amino acid metabolism (e.g. urea cycle). However, trace amounts of transcripts were detected in the other samples, which may be attributable to the lower activity of amino acid metabolism or the adequate accumulation of PLP to match the basal cellular need.
Two of the thirteen DEGs were associated with apoptosis (ATO2 and AIF1). Ato2p was highly expressed in the WT in glycerol medium at 48 h of culture. As a putative ammonia transporter, Ato2p may participate in the export of ammonia, which is a starvation signal that promotes cell death in aging colonies (Palkova et al. 2002; Ricicova et al. 2007) . It is possible that the mutant and the WT had very distinct means of utilizing ammonia when these are starved. While mutants had a tendency to degrade ammonia via the intracellular urea cycle, the WT cells preferentially exported ammonia to induce programmed death of older colonies. However, whether there was a connection between glycerol transporter and ammonia transporter remains unclear. AIF1 (apoptosis inducing factor 1) expressed in all samples except in glycerol (24 h and 48 h) and glycerol-methanol mixed medium (24 h) for the WT. AIF1 encodes a mitochondrial cell death factor that could translocate to the nucleus in response to apoptotic stimuli (Wissing et al. 2004) . Unlike caspase-dependent cellular apoptosis, Aif1p could be released from the outer membrane of the mitochondrion to the cytoplasm, and then to the nucleus, inducing the aggregation and fragmentation of nuclear DNA (Amigoni et al. 2016) . Upon starvation of mutants caspase-independent apoptosis is induced, which would result in death and lysis of aging cells, releasing energy and nutrients for younger generations. Simultaneously, the expression of AIF1 could also be observed in the WT as methanol is consumed. This is probably due to the reactive oxygen species (ROS) produced as by-products of the MUT pathway, which are one of the sources mediate apoptosis (Simon, Haj-Yehia and Levi-Schaffer 2000) . The deficiency of GT1, carbon source limitation and methanol comprehensively induced the apoptosis.
We analyzed specific genes that were related to the impact of glycerol transporter 1 on glycerol metabolism. Knocking out GT1 resulted in nutrition deprivation in cells that utilize glycerol as their sole carbon source, inducing biological processes involved in responding to stimuli such as AMPK and apoptosis, whereas the growth of mutants was not influenced in the medium containing methanol. As previously observed, the gt1 strain could get prevent catabolite repression to some degree. The involvement of these genes may explain this mechanism based on various points of view. We also propose that 
Transcriptional impact of GT1 on methanol metabolism
Based on the same screening procedure, the 23 genes in Group 2 (24-M-WT vs. 24-M-MUT) and Group 3 (24-G + M-WT vs. 24-G + M-MUT), but not in Group 1 (24-G-WT vs. 24-G-MUT) were selected (Fig. 2) as genes uniquely influenced by the impact of GT1 on methanol metabolism. Despite the fact that the glycerol transporter was directly associated with the glycerol metabolism, it seemed that its loss could also result in changes in methanol metabolism via unknown mechanism. Among the 23 DEGs (Table 4) , five of these were associated with the translation process, including ribosomal protein and initiation factor of translation (MRPS9, RSM27, AT250 GQ6804321, MRP21 and SUI2). These five translation-related genes were downregulated in the mutants in methanol medium compared to the WT in the same environment. It seemed that the deficiency in glycerol transporter not only led to marked transcriptional responses, but also reduced translational activity by limiting the expression of various ribosomal proteins, which led to systematic regulations. While the activity of Aox1p was not impaired in mutants in methanol medium, the reduced level of translation might have limited impact on methanol metabolism. However, the total amount of protein and the correct modification of protein (whether folded into the right forms) should be investigated in future studies. One interesting gene is SUI2 (GenBank Acc. No. AOA68232.1), which was the alpha subunit of the translation initiation factor eIF2 and is involved in the identification of the start codon (Cigan et al. 1989) . The transcription of SUI2 was strictly repressed in mutants cultured in methanol after 24 h, whereas the expression level dramatically increased in the following 24 h. eIF2 is involved in various biological processes such as apoptosis, RNA transport and protein processing in the endoplasmic reticulum (Kimball 1999) ; therefore, it may function in the regulation of responses to diverse carbon sources.
Two transcripts of mitochondria-located protein (PAM18 and OXA1) were detected in the present study, and both were highly transcribed in the WT at 24 h of culture (both glycerol and methanol), whereas their transcriptional abundance was relatively low in the mutants. PAM18 and OXA1 encode the J-protein co-chaperone of the mitochondrial import motor (D 'Silva et al. 2003) and mitochondrial inner membrane insertase (Bonnefoy et al. 2009 ). Compared to the mutants and inferred from transcriptional data, the WT had a higher demand for the activity of mitochondria where ATP is generated and oxidative phosphorylation occurs. However, at 48 h of culture, these two genes were downregulated in WT, which may be attributed to the decreased level of oxidative phosphorylation or adequate accumulation of these proteins. These explained the difference of growth situation and metabolic rate in WT and mutants.
Apart from the genes that discussed earlier, we also found some DEGs caused by the deficiency of glycerol transporter in methanol media such as BET2 (required for vesicular transport between the endoplasmic reticulum and the Golgi), OPI3 (phospholipid methyltransferase) and LYP1 (Lysine permease). Although these genes are not directly involved in MUT pathway, these did induce physical changes in cells.
The impaired function of glycerol transporter led to lower transcriptional responses of ribosome and mitochondria in methanol than WT. These individual genes could perform Figure 3 . Differentially expressed transcriptional factors. The transcriptional profiles of WT in glycerol medium at 24 h was chosen as a standard, the relative expression level of all transcriptional factors was calculated (log2Fold Change). The average value of FPKM in each sample was calculated to simplify the data processing. The upregulated transcriptional factors compared to WT-G-24 were shown in red blocks, while the downregulated transcriptional factors compared to WT-G-24 were illustrated in blue blocks. Detailed information of all transcriptional factors could be found in Table 5. their own functions to influence methanol metabolism through distinct signal pathways, which could be validated with the support of more accurate experimental data.
Transcriptional regulation via differentially expressed transcriptional factors
A previous study showed that the response of P. pastoris to different carbon sources (glycerol, glucose and methanol) is mainly regulated at the transcriptional level rather than the translational level (Prielhofer et al. 2015) . There is no doubt that various transcriptional factors, which regulate the transcriptional activity of individual genes by binding or releasing the motif, play vital roles in the global regulation of gene networks, or more specifically, in catabolite repression. While some of the transcriptional factors such as Mxr1p are expressed at relatively low and constitutive levels that can work even in a limited dosage (Lin-Cereghino et al. 2006; Vogl and Glieder 2013) , others TFs may adapt their expression levels to fit to diverse environments. In our study, we characterized some transcriptional factors, including both those previously identified and some newly predicted. An in-depth investigation into these key factors may help better understand the phenomenon of catabolite repression and guide further rational genetic improvement of the strain.
Taking the data of the WT in glycerol medium at 24 h of culture as standard, we calculated the relative expression levels of all transcriptional factors of all samples (Fig. 3) . Among all transcriptional factors (Table 5 ) such as the central regulator of MUT pathway Mxr1p, most of these did not exhibit significant temporal and spatial variations in expression. C4qzn3 (or 14-3-3 protein) (Parua et al. 2012) and NRG1 (Wang et al. 2016b) , previously studied repressors of P AOX1 , also did not exhibit fluctuations in transcript abundance. This was probably due to the intrinsic feature of transcriptional factors that they could function precisely at a rather low and constitutive level.
However, the expression of some other TFs was strongly influenced by the shift from glycerol to methanol. Mit1p, a homolog of Mpp1p in H. polymorpha, which functions during carbon derepression and regulates the expression of various genes involved in the MUT pathway (Wang et al. 2016a) , doubled in the FPKM value in the WT in methanol medium compared to that with glycerol. Interestingly, Gt1p knockout dramatically impaired the expression of MIT1 in glycerol medium, and in contrast, the expression level in mutants showed an over 20-fold increase, which was even higher than the WT in methanolsupplemented medium. It seemed that the expression of MIT1 was dependent on the accumulation of the intracellular carbon source, and methanol had a higher affinity than glycerol to initialize the production of PpMit1p, and consequently, the accumulation of PpMit1p could positively promote the activity of P AOX1 with the coordination of Mxr1p and Trm1p. Meanwhile, the expression of PAS chr1-4 0516, a homolog of Sut2p in S. cerevisiae, significantly increased in the methanol medium and was actively repressed in the presence of glycerol. This homolog, which harbors a GAL-like Zn2Cys6 binuclear cluster DNA-binding domain, might play a vital role in catabolite repression by regulating the expression of relevant genes, whereas its function has not been characterized. In S. cerevisiae, Sut2p regulates sterol uptake under anaerobic conditions along with Sut1p and participates in the cAMP/protein kinase A pathway (Rutzler et al. 2004) . As PpSut2p shares only 35% identity with ScSut2p and P. pastoris does not have a paralog Sut1p, we propose that Sut2p may work independently and respond acutely to the methanol shock.
To conclude, the transcriptional profile of individual transcriptional factors towards different carbon sources may reflect the changes in potential signal pathways and expression patterns. Although most of the TFs did not exhibit marked fluctuations in expression, the prominent response of some particular genes may reveal their carbon-specific functional regulation.
Construction of co-expression network via WGCNA analysis
To evaluate the results of transcriptional data, the biological experiments were conducted to check the biomass, glycerol residual, methanol residual and Aox1p activity. From biological triplicates, we randomly selected one of each triplicate to test related data. The biomass and the remaining carbon source are shown in one graph (Fig. 4) . The formation of biomass was positively correlated with the consumption speed of carbon source among all three kinds of mediums. Mutant assimilated glycerol at a very slow ratio, resulting in slow accumulation of biomass in pure glycerol medium. The concentration of glycerol in mutants in the glycerol-methanol medium (Fig. 4C , 48 h) was even higher than at baseline (0 h), which was probably due to the production of glycerol by the mutant itself and was exported extracellularly. Although the WT shared comparable biomass with the mutants in glycerol-methanol mixed medium, its AOX expression was repressed at a relatively low level, which was confirmed by SDS-PAGE and western blotting experiments (Figs 5 and 6) . In all scenarios, the WT showed a higher level of Aox1p activity at 48 h of culture. As a system biology method for describing the correlation patterns among genes and traits, WGCNA has been extensively used in various research studies (Langfelder and Horvath 2008) . WGCNA can be used for finding clusters (modules) of highly correlated genes, for summarizing such clusters using a module eigengene or an intramodular hub gene, for relating modules to one another and to external sample traits (using eigengene network methodology), and for calculating module membership measures (Langfelder and Horvath 2008) . To understand the correlation between traits and transcriptional profile, we conducted network analysis using the average FPKM values of each independent sample and experimental data (biomass, carbon source residual and Aox1p activity) (Fig. 7A) . Following the standard pipeline, the co-expression network was constructed, splitting all genes into 16 groups (Fig. 7B) . Among these groups, we identified a group called 'MEmagenta', which had the highest proximity (r = 0.87, P-value = 2 × 10 −4 ) to the profile of Aox1p enzyme activity. Most genes in this cluster showed over 0.7 gene significance for AOX enzyme activity (Fig. 7C) . Then, the genes in 'MEmagenta' were selected for GO and KEGG pathway enrichment (Supplementary Files S9-S11). Several genes in this group were involved in the cellular and metabolic process, with the participation of multiple binding and catalytic activities. Over 20 genes participated in the carbohydrate metabolism and energy metabolism, with 17 genes in transport and 12 genes in signal transduction. Genes in this cluster share similar expression pattern with Aox1p, thereby suggest that these likely play important roles in methanol metabolism and genetic regulation. Apart from the 'MEmagenta' module, the relevance to the AOX enzyme activity in all genes was calculated (Supplementary File S12). All genes were ranked by their correlations to Aox1p enzyme activity. The AOX1 gene (AT250 GQ6805196) was in the top five genes that were strongly associated with Aox1p, with a high genetic significance of 0.9251 (P-value < 0.001). As a positive control, this confirmed the applicability and reliability of WGCNA analysis in our research. Besides the most positively related genes, we also identified some genes had a negative relationship with Aox1p. Among these, TKL1, encoding transketolase in the pentose phosphate pathway, showed negative expression pattern (r = −0.8258, P-value < 0.001) with methanol metabolism, which had been found in our Chip-Seq experiments (paper in preparation). Also, a Mitogen-activated protein kinase, HOG1, showed a negative relationship with methanol utilization (r = −0.8238, P-value < 0.001). Although the transcription of HOG1 did not dramatically fluctuate among all scenarios, it did have an opposite trend of expression towards the abundance of AOX activity. Moreover, Hog1p in S. cerevisiae participates in Mitogen-activated protein kinase (MAPK) signal transduction pathways, regulating the high osmolarity glycerol (HOG) 
DISCUSSION
Inferred from our research of the transcriptional profile in diverse cultural environments, we have identified several interesting genes involved in catabolite repression caused by glycerol. Based on our previous and current work, we believe that Gt1p indirectly participates in catabolite repression. The loss of Gt1p could result in a reduction in the accumulation of intracellular glycerol and reversal of catabolite repression effects (Zhan et al. 2016) . Our transcriptome data indicate that some transcriptional factors are involved in the regulation of methanol metabolism. However, the single piece of evidence of transcriptional response did not sufficiently depict a landscape for this complex regulatory network as many factors involved in regulation, such as phosphorylation, could function at the protein level. A recent research study performed kinase screening in P. pastoris by constructing a kinase library and identified promising targets that are involved in P AOX1 regulation (Shen et al. 2016) . With the support of available protein-related regulation data, our data, and those of other studies, we propose two possible modes of regulation here for further study.
First, the AMPK/SNF1 pathway is likely to promote the activity of the AOX1 promoter (Fig. 8) . The loss of glycerol transporter 1 resulted in elevated activity of the urea cycle, thereby resulting in the accumulation of adenosine monophosphate (AMP). In S. cerevisiae, fluctuations in AMP/ADP/ATP levels could be detected by the SNF1 complex during the diauxic shift; as glucose is gradually exhausted, the SNF1 complex is activated, influencing downstream genetic behaviors through phosphorylation. In a previous study (Shen et al. 2016) , the deficiency of one of three β-subunits of the SNF1 complex, Gal83p (PAS chr1-4 0498) and a possible kinase that operates upstream of the SNF1 complex, Sak1p (PAS chr2-1 0639), induced adverse effects on methanol metabolism, leading to severely reduced P AOX1 activity in methanol. Moreover, PpHxt1p takes part in directly repressing Aox1p rather than only acting as a hexose transporter (Zhang et al. 2010) . The homologs of ScMig1p, PpMig1p and PpMig2p could also function in glucose repression, whereas single knockout strains ( mig1) or double knockout strains ( mig1 mig2) exhibited Aox1p enzyme activity with glycerol as the sole carbon source (Wang et al. 2017) . Both Hxt1p and Mig1p are essential components of the AMPK/SNF1-dependent signal transduction pathway. Moreover, both the transcriptional factor Adr1p and All genes were divided into 16 groups, which were named as several colors modules. The correlations of all modules and traits (biomass, enzyme activity, glycerol residual and methanol residual) were colored, while red indicated high correlations and green illustrated low correlations. (C) Module membership and gene significance of genes to Aox1p activity in 'MEmagenta'. X axis represented gene significance for Aox1p enzyme activity, the higher value indicated positive related transcriptional profile to enzyme activity. And Y axis represented module membership in 'MEmagenta' module, the higher value indicated a closer relationship to this module. the 14-3-3 protein Bmh1 were reported to be regulated by the SNF1 complex in S. cerevisiae (Ho et al. 2002; Young, Kacherovsky and Van Riper 2002; Gavin et al. 2006; Ratnakumar et al. 2009 ), whereas their homologs in P. pastoris, Mxr1p and C4qzn3, play vital roles in the activation or repression of P AOX1 . It appears that the deficiency of glycerol transporter 1 simulates starvation in the depression phase; the regulatory subunit of the SNF1 complex, Snf4p, sensed the hunger signal, initiating downstream regulation by interacting with several transcriptional factors. . MAPK/HOG pathway is likely to control methanol metabolism negatively. Solid lines indicate existing experimental evidence that is shown in our data or other reports; dash lines demonstrate relationships that have not been investigated in P. pastoris. MAPK/HOG pathway could facilitate glycerol accumulation by promoting the generation of glycerol and absorption extracellular glycerol, resulting in the repression of methanol metabolism. Activated Hog1p could possibly enter the nucleus, initiating the transcription of GT1 (Glycerol transporter 1) or GPD1 (NAD-dependent glycerol-3-phosphate dehydrogenase) and resulting in catabolite repression.
